Abbreviations used: ANOV A, analysis of variance; grp, glu cose-regulated protein; hsp, heat shock protein; ICA, internal carotid artery; MCA, middle cerebral artery; rCBF, regional ce rebral blood flow; SDS, sodium dodecyl sulfate; 3 x lO-isc, three lO-min intervals of transient ischemia; 2 x lO-isc, two 10-min intervals of transient ischemia; TTC, 2, 3, 5-triphenyltetrazolim hydrochloride.
Summary: Stress proteins are induced after a variety of neuronal injuries. The inducible 72-kDa heat shock pro tein (hsp70) is a stress protein that protects neurons from glutamate toxicity in vitro. Hsp70 has also been proposed to underlie the phenomenon of ischemic tolerance whereby brief sublethal intervals of global ischemia pro tect the hippocampus from subsequent lethal prolonged ischemia. To determine if the phenomenon of tolerance occurs in cortex after focal ischemia, the rat middle ce rebral artery (MCA) was occluded by the suture method. Three lO-min intervals of transient ischemia (3 x lO-isc) separated by 45-min periods of reperfusion made up the most effective paradigm of preconditioning ischemia studied, and substantially reduced the volume of infarc tion 72 h after subsequent IOO-min MCA occlusion. This approach induced protection if the interval between the 3 x lO-isc and the IOO-min ischemia was 2, 3, or 5 days but not 1 or 7 days. Three lO-min intervals of transient ischemia alone produced minimal histological changes in the cortex at 72 h. Moreover, there were no significant changes in regional cerebral blood flow in the tolerant regions at 72 h after 3 x lO-isc before or during MCA occlusion. To explore the role of stress proteins in the induction of tolerance, expression of hsp70 and the glu-Ischemic tolerance is the phenomenon whereby a preconditioning ischemia of brief duration, inade quate to infarct the brain, protects it from subse quent severe ischemia. Global ischemia was the first model used to describe ischemic tolerance, which protected hippocampal neurons from subse quent ischemic necrosis (Kato et aI. , 199 1; Kita-cose-regulated proteins grp75 and grp78 were studied. Samples from tolerant regions of the brain that had un dergone preconditioning ischemia were evaluated at 1, 2, 3, 5, 7, and 14 days after 3 x lO-isc by Western blot analysis. The time course of hsp70 expression most closely correlated with tolerance. Hsp70 protein expres sion increased during times when tolerance was present (at 2-5 days) but did not increase thereafter (at 7 and 14 days). However, hsp70 was also increased before toler ance was present (at 1 day). Immunocytochemistry showed that hsp70 protein was expressed in neurons in the tolerant regions 24 h after 3 x lO-isc and was ex pressed in both neurons and glia after 72 h. Although immunocytochemistry suggested that there was increased neuronal expression of grp75 and grp78, no significant differences were found in protein expression as deter mined by Western blot before (at 1 day), during (at 2-5 days), and after (at 7 days and thereafter) tolerance. Thus, the time course of grp75 and grp78 expression did not correlate with that of tolerance. This model of isch emic tolerance is a useful method by which mechanisms of endogenous neuroprotection may be explored. Key Words: Stress proteins-Cerebral ischemia-Ischemic tolerance.
gawa et aI. , 199 1). These initial observations of ischemic tolerance in the brain were found in global ischemia models, where protection is limited to the hippocampus. We have shown previously that brief intervals of global ischemia decrease the size of cor tical infarcts after middle cerebral artery (MeA) oc clusion in the rat and that this protection is associ ated with the induction of heat shock protein hsp70 (Simon et aI. , 1993) . These results suggest that isch emic tolerance is also relevant to cortical neuronal injury in focal ischemia.
Heat shock proteins such as hsp70 have attracted major interest as potential neuroprotectants be cause their prior induction, by a variety of stimuli, protects cultured cells against subsequent injury. This protective effect requires the synthesi s of new protein and RNA (Rordorf et aI. , 199 1) . Further more, preinduction of hsp70 protects neurons from glutamate toxicity (Lowenstein et aI. , 199 1) . Since ischemic tolerance is accompanied by hsp70 protein expression, it has been proposed that hsp70 expres sion may be responsible for tolerance (Kato et aI. , 199 1; Kitagawa et aI. , 199 1; Nakata et aI., 1992; Aoki et aI. , 1993; Liu et aI. , 1993; Nishi et aI. , 1993; Parsell and Lindquist, 1993) .
To determine if temporary focal ischemia, like global ischemia, induces ischemic tolerance in the cortex, brief periods of ischemia were induced by advancing a suture into the internal carotid artery (lCA). At various intervals later, the MCA was oc cluded for 100 min, producing near-complete infarc tion of the MCA territory in naive rats. The dura tion of brief ischemia that produces optimal reduc tion in infarct size and the effect of this optimal preconditioning ischemia on neuropathology and regional cerebral blood flow were determined. The time course of expression of the stress protein hsp70 and the glucose-regulated proteins grp75 and grp78 were characterized after the preconditioning ischemia.
METHODS

Temporary focal ischemia
Focal cerebral ischemia was induced in rats by revers ible occlusion of the MCA, using the suture method pre viously described (Longa et a!., 1989) , with modifica tions. A total of 260 male Sprague-Dawley rats (280--300 g) were anesthetized with chloral hydrate (400 mg/kg i.p.). Rectal temperature was monitored and kept at 37 ± 0.5°C with a heating pad, and left temporalis muscle tem perature was kept at 37.5 ± 0.2°C with a heating lamp. One femoral artery was cannulated to monitor blood pres sure, arterial blood gases, and blood glucose. Under the operating microscope, the bifurcation of the common ca rotid artery was exposed, the external carotid artery was coagulated and dissected distally, and the ICA was iso lated and separated from the vagus nerve. The extracra nial branch of the ICA was then ligated close to its origin with a 5-0 silk suture. To block the origin of the MCA, a 3-0 monofilament nylon suture, its tip rounded by heat ing, was introduced into the ICA lumen through the stump of the external carotid artery and gently advanced into the ICA 20--22 mm past the common carotid artery bifurcation. After completion of the proximal MCA oc clusion, the suture was gently withdrawn to permit reper fusion. The external carotid stump was ligated and the wound closed, and the rats were maintained under tem perature control until they were returned to animal cages -1 h later.
At a later time, a second MCA occlusion was per formed. The rats were anesthetized as already described. The wound was reopened, a microvascular clip was ap plied to the proximal origin of the external carotid artery, and the stump ligation was undone. The monofilament nylon suture was reinserted into the ICA through the stump for 100 min, a duration of ischemia that produces almost complete infarction of the MCA territory in naive rats (Chen et a!., 1991) . Sham-operated rats underwent identical surgery but did not have the suture inserted or the ICA manipulated.
Infarct volume measurement
Animals were killed at either 24 or 72 h after MCA occlusion by an overdose of chloral hydrate injected i.p.; brains were rapidly removed and sectioned coronally at 2-mm intervals. Sections were immersed in 2% 2,3,5triphenyltetrazolim hydrochloride (TTC) in buffered Ringer's solution at pH 7.4 (37SC) for 20 min and then transferred to 4% formaldehyde buffer for 15 min before photography (Bederson, et aI., 1986) . Photographs of the six sections were then analyzed for infarct size by a blinded observer using an image-analysis system (MCID, St. Catherine's, Ontario, Canada). The hemispheric in farct area in each section was calculated by subtracting the area of normal, TTC-staining brain in the ipsilateral ischemic hemisphere from the contralateral nonischemic area. This technique minimizes the effect of edema on measurement of infarct size (Swanson et a!., 1990) . In farct volume was then calculated by summing the infarct areas over all sections and multiplying by the slice thick ness.
For confirmation of the TCC determinations of infarct volume, some experiments were repeated and formal his tology was obtained. Animals were killed with chloral hydrate, and their brains were removed, frozen in 2-meth yl-butane at -30°C, and transferred to powdered dry ice. Brains were sectioned coronally into 20-fLm-thick slices on a cryostat every 0.5 mm from the anterior limit of the caudate to the posterior hippocampus (20 sections per brain). Sections were stained with cresyl violet. The in farct volume was determined using the method already described.
Histopathology
For assessment of microscopic cytopathology, rats were anesthetized with chloral hydrate and perfused via the ascending aorta with 100 ml of heparinized Ringer's solution followed by 500 ml of formalin in 0.1 M phos phate buffer solution (pH 7.4). The brains were removed and postfixed in 10% buffered formalin for 2 weeks. They were then embedded in paraffin, and 6-fLm-thick coronal sections were taken at three coronal leve1s: + 2.2, -0.3, and -2.8 mm from bregma. Sections were stained with cresyl violet. Brain injury was assessed and graded using a 0--4 scale (Pulsinelli et a!., 1982) : 0, normal brain; 1, scattered neurons damaged; 2, moderate number of neu rons damaged; 3, many neurons damaged; and 4, majority of neurons damaged.
Cerebral blood flow measurement
Quantitative [14C]iodoantipyrine autoradiography was used to determine changes in regional cerebral blood flow (rCBF) after a period of focal ischemia sufficient to result in tolerance. Twenty-four rats underwent either a sham operation or three lO-min intervals of brief ischemia. The rCBF was determined 72 h later, either just before or 30 min after the onset of the secondary MCA occlusion (six rats per group). Surgery was performed in all animals under the same anesthetic conditions already described. Ventilation was used to ensure uniform normoxia "and normocapnia. A femoral artery and a femoral vein were cannulated, and 20 fLCi of [14C]iodoantipyrine (Du Pont, Boston, MA, U.S.A.), dried and diluted in 0.5 ml saline, was infused i.v. for 30 s by an infusion pump. During the infusion, seven 50-ILl samples of free-flowing arterial blood from the femoral artery catheter were collected in heparin-coated sample tubes. The [14Cliodoantipyrine concentration in the blood samples was determined by liquid scintillation counting after 24 h of decolorization in a mixture with 1 ml of tissue and gel solubilizer. The rats were decapitated 30 s after the start of infusion. The brains were quickly removed and frozen in -30°C 2-methyl-butane and then in powdered dry ice. Each brain was serially sectioned into 20-lLm-thick slices every 0.5 mill on a cryostat at -20°C; the sections were air dried before exposure to x-ray film (Kodak NMC-l, Rochester, NY, U.S.A.) with an auto radiographic 14C standard microscale (Amersham, San Diego, CA, U.S.A.) in x-ray cassettes for 1 week. Quantitative rCBF for each brain was determined by means of a computer based image analysis system (MCID).
Western analysis
Brain tissue, dissected from cortical regions ( Fig. SA) where tolerance was induced following three lO-min in tervals of MCA occlusion and a variety of durations of reperfusion, was homogenized and lysed in 0.1 M NaCI, 0.01 M Tris-HCl (pH 7.6), 0.001 M ethylenediaminetet racetate (EDT A) (pH 8.0), 1 ILg/ml aprotinin, and 100 ILg/ml phenylmethylsulfonyl fluoride (PMSF). Lysates were cleared by centrifugation at 14,000 g for 30 min at 4°C and boiled at 100°C in sodium dodecyl sulfate (SDS) gel-loading buffer (100 mM Tris-HCl, 200 mM dithiothrei tol, 4% SDS, 0.2% bromophenol blue, and 20% glycerol) for 6 min before being run on a 12% SDS-polyacrylamide gel. Western blots were performed as previously de scribed (Sambrook et aI., 1989) . The transferred polyvi nylidene difluoride (PVDF) membrane was incubated in the primary antibodies (monoclonal antibodies against hsp70, grp75 , or grp78) in a dilution range of I :500 to 1: 1 ,000 at 4°C overnight. This step was followed by three washes in washing buffer (0.1% Tween-20, 0.5% bovine serum albumin, and 1 % nonfat dry milk in phosphate buffered saline buffer) and then incubated in the alkaline phosphatase (AP)-conjugated goat antimouse secondary antibodies at room temperature for 60 min. Chemilumi nescent substrate (CSPD, 25 mM) was applied to the side of the membrane containing the blotted proteins. The blot was wrapped in plastic wrap and exposed to a Kodak X-OMAT film. The film was developed and the band op tical density was measured by the MCID image system.
Immunocytochemistry
Animals were killed 24 or 72 h after three lO-min inter vals of ischemia and perfused via the ascending aorta with normal saline followed by paraformaldehyde in phos phate buffer (pH 7.4). The brains were removed, post fixed for 24 h, sectioned (100 ILm) on a vibratome (Vi bratome, Series 1000, Ted Pella, Inc., CA), and reacted with a monoclonal antibody to hsp70 (Amersham) and the avidin-biotin-peroxidase method previously described (Sharp et aI., 1991) . Alternative sections were immunor eacted with monoclonal antibody to grp75 or grp78 (Stressgen, Victoria, Canada) or without primary anti body as a control.
Statistics
The statistical significance between groups was deter mined with analysis of variance (ANOVA). Posthoc test-J Cereb Blood Flow Metab, Vol. 16, No. 4, 1996 ing used the Bonferroni t test, and p < 0.05 was accepted as statistically significant. Differences in physiological parameters and rCBF were analyzed using repeated measures ANOV A. All values are expressed as means ± SD.
RESULTS
Infarct volume
Previous experiments in global ischemia sug gested that a 24-h interval between pretreatment conditioning ischemia and the prolonged ischemic insult was necessary for the induction of tolerance. These studies also suggested that multiple brief pulses of ischemia induced a greater degree of pro tection than did the same total duration of ischemia delivered as a single event (Kitagawa et aI., 1990; Kirino et aI. , 199 1) . Rats were randomly divided into six groups (n = 6 per group). On day I the animals received either a sham operation, MCA oc clusion for 10, IS, or 20 min, or two 10-min intervals of ischemia (2 x IO-isc) or three IO-min intervals of ischemia (3 x 10-isc) separated by 45 min. Twenty four hours later, all animals underwent MCA occlu sion for 100 min, a duration of ischemia that causes reproducible infarction in the MCA territory. Brains were removed 24 h after the 100-min isch emia to determine infarct volume using the TTC method. Figure IA charts the results of this study. There was no significant difference in the infarct size in any of the groups studied.
To determine if a longer interval between precon ditioning ischemia and 100 min of ischemia was re quired for the induction of tolerance, 33 rats were randomized into five groups. On day 1 the rats re ceived either a sham operation (n = 9), transient MCA occlusion for 10, 15, or 20 min, or two inter vals of IO-min transient MCA occlusion (n = 6 per group). Seventy-two hours later, all animals re ceived 100 min of MCA occlusion; after an addi tional 24 h, the infarct volume was determined by the TTC method. Figure 1B illustrates the results of these experiments. There was a significant reduc tion in infarct size in both the 20-min ischemia and the 2 x IO-isc groups compared with the animals without pretreatment.
We then studied the effect of a n-h rather than 24-h interval between the 100-min occlusion and death for histological changes. We also investigated whether a longer period of prior ischemia (30 min, either uninterrupted or as separate IO-min intervals) was more efficient in inducing tolerance. Figure 1C illustrates the results of these experiments. Con trary to the protection observed after a 24-h interval between prolonged ischemia and death, no signifi- cant reduction in infarct size between the 20-min pretreatment groups and the sham-operated con trols was noted after 71 h. These results suggest that shortened periods of ischemia might delay rather than prevent infarction. However, 30-min ischemia and 3 x lO-isc afforded significant protection even after the longer interval to death. We also investigated the optimal interval between preconditioning ischemia and prolonged ischemia. Fifty-four rats received either sham operations or 3 x lO-isc, a duration demonstrated to produce max imal protection. Infarct size was determined by the TTC method 71 h after the 100 min of ischemia. No significant protection was seen if the interval be tween the pretreatment and the 100-min ischemia was 24 h (Fig. lD) . However, with 48-, 71-, and 120-h (5 days) intervals between pretreatment and prolonged ischemia, the subsequent infarct size was significantly smaller; the difference between pre treatment and sham controls was most significant with a n-h interval. If the interval between the pre treatment and the prolonged ischemia was 168 h (7 days), the protective effect was no longer seen.
To confirm results from the TTC method, cresyl violet histology was done. Three groups (n = 6 per group) were established: a control group without preconditioning ischemia or sham operation, a sham-operated group, and a group given 3 x lO-isc. Seventy-two hours later, all three groups were sub jected to 100 min of ischemia. Seventy-two hours after that, the rats were killed and the brains were frozen, processed for sectioning (20-fLm slices), and stained with cresyl violet to measure the infarct vol ume. Figure 2 illustrates infarct volume in the pen umbra (cortex) and the ischemic core (caudate) and, section by section, shows the effects of tolerance on infarct size. There was no significant difference be tween sham-operated and control animals, but the total and cortical areas of infarction were smaller in each section of the preconditioned animals than in either of the other two groups. The difference was due entirely to salvage of the cortex, as pretreat ment ischemia did not significantly lessen the area of caudate infarcted (Fig. 2) . Among the 260 rats used in the infarct volume experiments, 33 died of either carotid hemorrhage during the surgical procedure for reperfusion (n = 3) or severe brain edema during reperfusion after 100 min of MCA occlusion (n = 30) and were ex-J Cereb Blood Flow Metab, Vol. 16, No. 4, 1996 cluded from the study. There was no difference in mortality rates between sham-operated animals (n = 14) and rats treated with preconditioning isch emia (n = 16). In 227 surviving rats, there were no significant differences in temporalis muscle temper ature, arterial blood pressure, blood glucose, or blood gases between sham-operated and ischemia treated rats before, during, or after MCA occlusion (data not shown).
Histopathology
To determine the effect of the brief ischemia alone on histopathological outcome, 10 rats were subjected to 3 x 10-isc and killed either 24 or 72 h later (Fig. 3) . At 24 h, little or no effect was seen at gross or microscopic levels in cortex or caudate. However, by 72 h there was evidence of patchy infarction of the caudate at the gross and micro scopic levels. In addition, in some rats occasional selective neuronal necrosis was seen, predomi nantly in layers 3 and 5 of the cortex.
Blood flow
One logical explanation for the development of ischemic tolerance is an increase in collateral blood flow. Quantitative rCBF was studied 72 h after sham operation or 3 x IO-isc either before or during MCA occlusion by the iodoantipyrine method. The results of this experiment are summarized in Table  I , and examples are shown in Fig. 4 . There was no significant change in rCBF in any region during MCA occlusion. The preconditioned group showed 
•
• a significant increase in blood flow, which was re stricted to the caudate in those animals studied just before occlusion. Since the caudate is never spared from infarction in the model used, the increased flow in this region could not explain the phenome non of tolerance.
Expression of stress proteins
Rats were subjected to 3 x 10-isc and then killed at 1, 2, 3, 5, 7, or 14 days after ischemia (three rats per time point). Cortical tissue from a region spared from infarction after preconditioning ischemia (Fig.  5A) was dissected for Western blot analysis of hsp70, grp75, and grp78 protein expression. Hsp70 expression was increased in ischemic animals ver sus expression in nonischemic controls at 1, 2, 3, and 5 days after 3 x IO-isc but was not significant ly increased at 7 and 14 days ( Fig. 5B and C) . The stress proteins grp75 and grp78 were increased 1.5-2-fold at all time points studied, but the differ ence did not reach statistical significance ( Fig. 5B and C). An additional 12 rats were subjected to 3 x lO-isc and killed at 1 or 3 days (n = 6 per group) after ischemia. Two sham-operated rats were used as controls. The brains were removed and processed for immunohistochemistry analysis. Grp75 and grp78, but not hsp70, were constitutively expressed in low amounts in cortical neurons in control brains. Following preconditioning ischemia, all three stress proteins were increased in neurons with no differ ence seen between 1 day and 3 days (Fig. 6 ). Al though there was no difference in the amount of hsp70 protein expressed at 24 and 72 h after 3 x lO-isc, there were some differences in the cellular distribution of hsp70 at these times. At 24 h, when tolerance was not yet present, hsp70 was expressed exclusively in neurons in the dorsal cortex (Fig. 6a) ; however, by 72 h, hsp70 was expressed both in glia ( Fig. 6b ) and in neurons (not shown) in regions where tolerance was present. The morphology of the cells and the observation that cells with this morphology in adjacent sections stain with GF AP suggest that the majority of these glial cells are as trocytes.
DISCUSSION
The experiments presented here document and characterize the phenomenon of ischemic tolerance in focal ischemia: that is, in a brain region destined J Cereb Blood Flow Metab, Vol. 16, No. 4, 1996 for infarction, prior exposure of that same brain re gion to transient focal ischemia renders the result ing stroke smaller. This observation complements our previous report demonstrating that brief periods of global ischemia result in smaller strokes follow ing subsequent permanent MCA occlusion in the rat (Simon et aI., 1993) . These data suggest that toler ance occurs in cortical as well as hippocampal neu rons and that the concept of tolerance is relevant not only to delayed selective neuronal death but also to frank infarction.
Transient ischemia does not produce tolerance by increasing collateral blood flow and thereby amelio rating hemodynamic abnormalities during MCA oc clusion. Iodoantipyrine rCBF audioradiographs were performed in sham-operated and tolerant ani mals just before and during induction of stroke. In the tolerant animal, an increase in CBF was seen in the caudate and putamen ipsilateral to the transient ischemic insult. However, this brain region does not demonstrate tolerance in this model. No change in CBF was seen before or during induction of stroke in the cortical mantle, the area in which tol erance is induced ( Fig. 4 and Table 1 ). Accordingly, changes in rCBF do not explain ischemic tolerance.
The parameters necessary for the induction of tolerance in focal ischemia in this experimental model have dose-response characteristics and a time window of efficacy ( Figs. 1-4) . The dose of transient ischemia that best induces tolerance in the rat is 30 min, which can be delivered either as a single insult or in three separate 10-min periods. Lesser durations of ischemia, either in divided or single doses, are inadequate ( Fig. O . The degree of prior ischemia necessary to induce tolerance is sub stantial, resulting in minimal injury to cortical neu rons and moderate injury in the caudate and puta men (Fig. 5) . Time is necessary for the brain to develop toler ance. A 24-h interval between transient ischemia and the induction of stroke is insufficient to produce tolerance in focal ischemia (Fig. 1) , A 48-h interval between the prior ischemia and the stroke does re sult in tolerance when the transient ischemia is 30 min in duration; tolerance persists at days 3 and 5 but is no longer expressed by day 7 (Fig. 1) .
In the heart, where tolerance can develop in min utes, modification of existing proteins and, in some models, desensitization of adenosine receptors has been proposed as a mechanism of tolerance (Law son and Downey, 1993) . The longer time interval required for tolerance to develop in the brain than in the heart could be the result of different underlying mechanisms. This extended time is sufficient for the occurrence of alterations in gene expression, which could produce tolerance through at least two mech anisms: (a) reduced expression of proteins involved in cell injury, and (b) increased expression of pro teins that confer tolerance to ischemia. The most frequently proposed explanation for ischemic toler ance in brain has been the latter.
The protein believed to be protective has been hsp70, which is increased after brief ischemia, since glutamate toxicity in neuronal cultures is attenuated by pre incubating the cells with sublethal concentra tions of NMDA or glutamate, and this protection requires new protein synthesis (Rordorf et aI., 199 1) . Further, preinduction of hsp70 protects cultured neurons from glutamate neurotoxicity (Lowenstein et aI., 1991) . Many studies have shown that hsp70 is expressed after brief preconditioning global ischemia in tolerance models (Kirino et al., 199 1; Simon et al., 1993; Glazier et al., 1994) . In traventricular anti-hsp70 antibodies and a nonspe cific inhibitor of hsp synthesis interfere with the induction of tolerance after global ischemia . However, a recent report suggests that· tolerance may occur without increased hsp70 ex pression (Abe and Nowak, 1994) .
Our results show that hsp70 protein is expressed shows regions from which tissue was sampled for Western analysis of hsp70, grp75, and grp78. These regions were protected from infarction by the 3 x lO-isc pretreatment. B: Western blots for hsp70, grp75, and grp78 from the brain regions in Fig. 5A from a control rat and from rats 1,2, 3,5,7, and 14 days after 3 x 1O-isc. C: E" xpression of hsp70, grp78, and grp75, as determined from Western blots (n = 3 rats per time point; " p < 0.05 vs. control). Fr, frontal cortex; Par, parietal cortex; CPu, caudate putamen; Pir, piriform cortex.
during the times when tolerance is present in this model. Further, hsp70 protein is no longer ex pressed after the tolerant period. Thus, its expres sion correlates with the time course of the induction of tolerance in this model. On the other hand, hsp70 is also expressed at 24 h, before tolerance is present. There are several possible explanations for the lack of reduced infarction volume at 24 h when hsp70 protein is present. Hsp70 could be the first step in a cascade of events leading to tolerance in stead of being a direct effector of tolerance. If so, it would necessarily be expressed before tolerance is present. Our results show that hsp70 is not ex pressed in glia at 24 h. Expression of hsp70 in glia has been associated with neuronal tolerance to ox ygen and glucose deprivation (Snider and Choi, 1995) . Hsp70 could exert a protective effect at 24 h, which could be masked by other events that in crease the susceptibility of the brain to ischemia. Finally, hsp70 expression could be an epiphenom enon to other mechanisms producing tolerance. Grp75 and grp78 are constitutive proteins that are homologous to hsp70 and that are upregulated by anoxia and hypoglycemia (Pelham, 1986) . Grp78 is J Cereb Blood Flow Metab, Vol. 16, No. 4, 1996 a soluble protein within the endoplasmic reticulum and appears to act as a molecular chaperon; it has been shown to have a protective role in cellular injury (Li et aI. , 1992) . Grp75 is an inner mitochon drial protein that has significant homology to hsp70 (Mizzen et aI. , 1989) . It has been proposed to trans port proteins across the mitochondrial membrane and prepare them for final folding. Grp75 and grp78 mRNAs are upregulated within 24 h after cerebral ischemia and seizures (Lowenstein et al., 1994; Massa et aI. , 1995) . Our results show that grp75 and grp78 expression were increased after precondition ing ischemia, although the time course did not cor relate closely with that of ischemic tolerance.
A number of other candidate endogenous p.euro protectants are upregulated in ischemic brain as well; these include hsp-27, superoxide dismutase, and calcium-binding proteins (Simon et aI. , 199 1; Kato et aI. , 1994; Liu et aI. , 1994; Lowenstein et aI., 1994) , as well as the antiapoptotic oncogene bcl-2 (Shimazaki et aI., 1994; Chen et aI. , 1995) . Whether these genes are involved in the induction of toler ance remains to be determined.
Beside induction of protective proteins, de-
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Sham 24h 72h 72h FIG. 6. Hsp70, grp75, and grp78 immunocytochemistry from sham-operated rats or rats 1 or 3 days after 3 x 1O-isc. Grp 75 and grp78 are constitutively expressed in cortical neurons in control brains, and all three stress proteins are increased in cortical neurons 24 h and 72 h after preconditioning. Hsp70 was also expressed in glial cells at 72 h after 3 x 1O-isc: a: low-power view; b: high-power view of hsp70 immunocytochemistry. Straight arrow indicates an hsp70-positive neuron. Curved arrows indicate glial cells. c: GFAP immunocytochemistry from an adjacent section shows that many of the glial cells are astrocytes (arrows). All photos were taken from the dorsal cortex in the tolerant hemisphere; bar, 20 f.L.
creased expression of toxic proteins after precondi tioning ischemia could also contribute to the induc tion of tolerance. Overall protein synthesis depres sion is a well-known sequel of brain ischemia (Dienel et aI. , 1980; Thilmann et al. , 1986; Widmann et al. , 1991) , including ischemia that induces toler ance (Kato et aI. , 1994) . However, selective inhibi tion of some class(es) of proteins may particularly affect the susceptibility of the brain to ischemic in jury. For example, Pellegrini-Giampietro et al. (1992) showed selective downregulation of the GR2 subunit of the non-NMDA glutamate receptor in CA 1 neurons following global ischemia. This change could make non-NMDA receptor channels permeable to calcium (Hollmann et al. , 1991) , thus increasing the intracellular calcium overload asso ciated with ischemia. The finding that blockade of non-NMDA receptors prevents delayed neuronal death after global ischemia (Sheardown et al., 1993) is consistent with a role for non-NMDA receptors in the development of ischemic injury. Another exam ple of selective inhibition of protein translation af fecting ischemic injury is the NRI subunit of the NMDA receptor. Blocking NRI protein expression by antisense oligonucleotides decreases ischemic damage after MCA occlusion (Wahlestedt et ai., 1993) . Therefore, future studies to identify those proteins that are selectively depressed by precon ditioning ischemia will help elucidate the molecular basis for tolerance induction.
A number of issues that require further study in this and other models of tolerance need to be ad dressed: (a) The induction of tolerance possibly in volves many interdependent mechanisms. To defin itively determine which specific changes in gene ex pression, if any, mediate tolerance in this model requires that protein expression be altered by the use of antisense oligonucleotides, transgenic tech nology, or viral transfection vectors. (b) If hsp70 protein expression underlies the induction of toler ance, differences in the cellular distribution of hsp70 may be important. The cellular localization of hsp70 protein expression in this model may be fur ther characterized by double-labeling hsp70 with cell specific antibodies. In vitro experiments may provide insight as to whether hsp70 expression in glial cells is protective (Snider and Choi, 1995) . (c) The observation that 2 x lO-isc is protective, with 24-h survival after lOO-min ischemia but not 72-h survival, suggests that tolerance could delay infarc tion rather than provide absolute protection. Other factors, including differences in rat populations and in the specificity of TTC at different survival times, could also explain the discrepancy. Further exper iments with longer survival times may clarify this issue.
These data demonstrate that tolerance to focal ischemia in cortex can be induced and show that there are alterations in gene expression but not al terations in blood flow in the tolerant region. This model of ischemic tolerance may allow both known and novel gene products with potential neuropro tective effects to be identified.
